Monolayer semiconductors of group-VA elements (As, Sb and Bi) with a graphene-like buckled structure offer the potential to achieve nanoscale electronic, optoelectronic and thermoelectric devices.
I. Introduction
Due to its high mobility, heat conductance, and mechanical strength, graphene with a planar honeycomb structure is one of the most famous materials, but it lacks an intrinsic band gap, hindering its application in electronics and optoelectronics. 1 The successful exfoliation of graphene has led to a large amount of research on other two-dimensional (2D) materials like silicene, 2 germanene, 3 phosphorene 4 and transition-metal dichalcogenides, 5 etc. Recently, monolayer semiconductors of group-VA elements (As, Sb, Bi) have been predicted to have good stability and intrinsic band gaps using rst-principles calculations, and the graphene-like buckled structure (b-phase) was found to have the best stability. 6 The Sb monolayer (antimonene) has been successfully exfoliated using micromechanical technology, 7 and has been synthesized on various substrates via van der Waals epitaxial growth. 8 Experimentally, it has been proven that Sb monolayers are highly stable under ambient conditions, 7 and their high stability has been observed aer aging in air for 30 days.
8 Raman spectroscopy and transmission electron microscopy have shown that Sb monolayers have a graphene-like buckled structure. 7, 8 It is urgent and interesting to study the thermoelectric properties of Sb monolayers in detail, to determine whether they are potential thermoelectric materials.
Thermoelectric materials, which can achieve direct hotelectricity conversion without moving parts, are of great interest in energy-related issues.
9, 10 The efficiency of thermoelectric conversion can be measured using the dimensionless gure of merit, ZT ¼ S 2 sT/(k e + k L ), in which S, s, T, k e and k L are the Seebeck coefficient, electrical conductivity, working temperature, and the electronic and lattice thermal conductivities, respectively. It is believed that nanostructured materials, especially 2D materials, have potential application in highly efficient thermoelectric devices. [11] [12] [13] [14] [15] The thermoelectric properties of semiconducting transition-metal dichalcogenide monolayers and orthorhombic group IV-VI monolayers have been widely investigated. [16] [17] [18] [19] [20] [21] Recently, our calculated results have shown that SOC can produce important effects on the electronic transport coefficients of various 2D materials, 19, [21] [22] [23] so it is necessary for the thermoelectric properties of 2D materials to include SOC. For group-VA monolayers, most of the research has been focused on their lattice thermal conductivities, and little research has been focused on their electronic transport properties. The lattice thermal conductivities of As and Sb monolayers with both graphene-like buckled and black phosphorene-like puckered honeycomb structures (a-phase) have been theoretically investigated.
24-27 A highly anisotropic thermal conductivity along the zigzag and armchair directions is predicted for a-As and Sb monolayers. 25, 26 It has also been proven that chemical functionalization can make the k L value of Sb monolayers greatly decrease. 27 The thermoelectric performance of a-As monolayers has been studied using Green's function based transport techniques, including both the electron and phonon parts. 28 The thermoelectric properties of b-Bi monolayers have also been studied, and the lattice thermal conductivity has been predicted via equilibrium molecular dynamics simulations. 29 It is worth noting that a remarkable discrepancy between ref. 24 and 25 for the k L values of b-Sb monolayers has been found. This may be because a different thickness of the Sb monolayer was used, and the related discussion for the calculations of the transport coefficients of the 2D materials can be found in the next section (Computational details). It is interesting and necessary to systematically investigate the thermoelectric properties of b-As, Sb and Bi monolayers, including the electron and lattice parts. To compare the electrical conductivity, and electronic and lattice thermal conductivities of b-As, Sb and Bi monolayers, the same thickness should be used.
Here, we systematically investigate the thermoelectric properties of b-As, Sb and Bi monolayers using ab initio calculations in combination with Boltzmann transport equation formalism, including both the electron and phonon parts. SOC is considered for the electron part, which is very important for the electronic structures and transport coefficients of the b-As, Sb and Bi monolayers, especially for the Bi monolayers. The lattice thermal conductivities are calculated using the same thickness and sheet thermal conductances of the b-As, Sb and Bi monolayers, and they gradually decrease from As to Bi monolayers, which can be understood by the decreasing group velocities and phonon lifetimes. It is found that the sheet thermal conductance of Bi monolayers is lower than that of familiar 2D materials. Finally, the possible ZT is estimated using a series of empirical scattering times, which suggests that b-As, Sb and Bi monolayers may be potential 2D thermoelectric materials.
The rest of the paper is organized as follows. In the next section, we shall describe computational details about the rst-principles and transport coefficients calculations. In the third section, we shall present the electronic structures and thermoelectric properties of the b-As, Sb and Bi monolayers. Finally, we shall give our discussions and conclusions in the fourth section.
II. Computational details
We use a full-potential linearized augmented-plane-wave method within density functional theory (DFT) 30 to carry out calculations on the electronic structures of the b-As, Sb and Bi monolayers, as implemented in the package WIEN2k. 31 The free atomic position parameters are optimized using the GGA of Perdew, Burke and Ernzerhof (GGA-PBE) 32 with a force standard of 2 mRy per a.u. The SOC is included self-consistently, [33] [34] [35] [36] which gives rise to important inuences on the electronic transport coefficients. The convergence results are determined using 5000 k-points in the rst Brillouin Zone (BZ) for the selfconsistent calculations, making a harmonic expansion up to 1 max ¼ 10 in each of the atomic spheres, and setting R mt Â k max ¼ 8 for the plane-wave cut-off. The self-consistent calculations are considered to be converged when the integration of the absolute charge-density difference between the input and output electron density is less than 0.0001|e| per formula unit, where e is the electron charge.
Based on the results of the electronic structures, transport coefficients for the electron part are calculated through solving Boltzmann transport equations within the constant scattering time approximation (CSTA), as implemented in BoltzTrap, 37 which shows reliable results in many classic thermoelectric materials. [38] [39] [40] To obtain accurate transport coefficients, we set the parameter LPFAC to 20, and use at least 2408 k-points in the irreducible BZ for the energy band calculations. The lattice thermal conductivities are performed using Phono3py + VASP codes. [41] [42] [43] [44] The second order harmonic and third order anharmonic interatomic force constants are calculated using a 5 Â 5 Â 1 supercell and a 4 Â 4 Â 1 supercell, respectively. To compute the lattice thermal conductivities, the reciprocal spaces of the primitive cells are sampled using 50 Â 50 Â 2 meshes.
For 2D materials, the calculated electrical conductivity, and the electronic and lattice thermal conductivities depend on the length of the unit cell used in the calculations along the z direction, 45 and so should be normalized by multiplying by Lz/d, where Lz is the length of the unit cell along the z direction and d is the thickness of 2D material, but the d value is not well dened. However, the dimensionless gure of merit ZT is independent of the length of unit cell used in the calculations along the z direction. In this work, the length of the unit cell used in our calculations along the z direction is used as the thickness of the b-As, Sb and Bi monolayers, and the corresponding d value is 18Å. The thermal sheet conductance can be used as a fair comparison between various 2D monolayers, which can be obtained using k Â d.
III. Main calculated results and analysis
honeycomb structure. The unit cell of the b-phase contains two atoms with each atom connected to three atoms of another plane, while the a-phase contains four atoms with each atom connected to two atoms of the same plane and one atom of another plane. In this work, the optimized lattice constants of the b-phase are used, 6 and are summarized in Table 1 . It is found that the buckling parameter h from Table 1 , that is dened as the vertical distance separating the two atomic planes, gradually increases from the As to the Bi monolayer. The unit cells of the b-As, Sb and Bi monolayers are constructed with a vacuum region that is larger than 16Å to avoid spurious interaction. As is well known, SOC has very important effects on the electronic structures and electronic transport coefficients of materials containing heavy elements,
19-23 such as Bi. Firstly, the electronic structures of the b-As, Sb and Bi monolayers were investigated using GGA and GGA + SOC, and the energy band structures are plotted in Fig. 2 using GGA and GGA + SOC. The As and Sb monolayers were found to be indirect band gap semiconductors using both GGA and GGA + SOC, with a valence band maximum (VBM) at the G point and a conduction band minimum (CBM) at the M point. The Bi monolayer was found to be a direct band gap semiconductor using GGA, with a VBM and CBM at the G point, while it was found to be an indirect band gap semiconductor using GGA + SOC, with a VBM between the G and M points and a CBM at the G point. The GGA and GGA + SOC gaps, and the differences between them, are listed in Table  1 . Both the GGA and GGA + SOC gaps decrease from the As to the Bi monolayer, and the difference for the Bi monolayer is less than that of the As and Sb monolayers, which is due to the change of the CBM from the M to G point. The three monolayers have some conduction band extrema (CBE) around the Fermi level, which is favorable for an n-type Seebeck coefficient. According to the SOC-induced changes of the outlines of the energy bands, the strength of the SOC increases from the As to Bi monolayer, which is consistent with their respective atomic mass. The representative spin-orbit splitting values at the high symmetry points G and K of the valence bands are summarized in Table 1 . It is found that the spin-orbit splitting value at the K point can represent the strength of the SOC.
SOC can produce very important effects on the electronic transport coefficients in many 2D materials, such as semiconducting transition-metal dichalcogenide and orthorhombic group IV-VI monolayers. [19] [20] [21] [22] [23] Firstly, the semi-classic transport coefficients are calculated using CSTA Boltzmann theory with GGA and GGA + SOC, and the doping effects are simulated by simply shiing the Fermi level into the conduction or valence bands within the rigid band approach, which is valid when the doping level is low. [46] [47] [48] The Seebeck coefficient, S, the electrical conductivity with respect to the scattering time, s/s, the power factor with respect to the scattering time, S 2 s/s, and the electronic thermal conductivity with respect to the scattering time, k e /s, as a function of doping level (N) at room temperature are plotted in Fig. 3 using GGA and GGA + SOC. For the As and Sb monolayers, it is found that SOC has a detrimental effect on the Seebeck coefficient in p-type doped ones, while it has a negligible inuence in n-type doped ones. The detrimental effect can be explained by SOC-induced splitting at the G point, which reduces the degeneracy of the energy bands. However, the enhanced effect on the Seebeck coefficient (absolute value) can be observed in both n-and p-type doped Bi monolayers, which can be understood by band convergence. 9 In the presence of SOC, the CBE along G-M and the CBM approach each other, which leads to an improved n-type Seebeck coefficient. When SOC is considered, the VBM changes from the G point to one point along G-M, and another valence band extremum (VBE) appears at one point along G-K. The VBE along G-K and VBM are very close, and the energy difference is only 0.0005 eV, which gives rise to an enhanced p-type Seebeck coefficient.
For n-type doping, the negligible SOC inuence of the As and Sb monolayers on s/s can be observed, while a slightly improved effect for low p-type doping and a detrimental inuence for high p-type doping can be achieved. A decreased effect on s/s caused by SOC in both n-and p-type doped Bi monolayers can be observed. The effect of the As and Sb monolayers on S 2 s/s that is induced by SOC has the same trend as the one on S. An enhanced effect on the S 2 s/s of Bi monolayers produced by SOC in n-type doping and a decreased inuence in p-type doping can be fullled. It is found that the effect on k e /s caused by SOC has almost a similar trend as the one on k e /s that was not caused by SOC, which can be explained by the Wiedemann-Franz law: k e ¼ LsT, in which L is the Lorenz number. Based on the linearized phonon Boltzmann equation within the single-mode relaxation time approximation, the lattice thermal conductivities of the b-As, Sb and Bi monolayers can be attained, and are assumed to be independent of the doping level. Their phonon band structures are shown in Fig. 4 , and agree well with previous results.
6 Their unit cells contain two atoms, resulting in 3 acoustic and 3 optical phonon branches. From As to Bi monolayers, all of the branches move towards low energy, and the phonon dispersion becomes more localized. The maximal acoustic vibration frequency (MAVF) is 3.55 THz, 2.05 THz and 1.29 THz for the As, Sb and Bi monolayers, respectively, Table 1 The lattice constant a (Å); the buckling parameter h (Å) 6 ; the calculated gap values using GGA G (eV) and GGA + SOC G so (eV); G À G so (eV); spin-orbit splitting G D so and K D so (eV) at the high symmetry point G and K of the valence bands The related data are summarized in Table 2 .
The lattice thermal conductivities of the b-As, Sb and Bi monolayers as a function of temperature are shown in Fig. 5 the Bi monolayer is lower than that of other 2D materials (semiconducting transition-metal dichalcogenide and orthorhombic group IV-VI monolayers), and is very close to that of Fig. 2 The energy band structures of the b-As, Sb and Bi monolayers within GGA (black lines) and GGA + SOC (red lines). Fig. 3 The calculated transport coefficients of the b-As, Sb and Bi monolayers at room temperature (300 K) as a function of doping level (N) within GGA and GGA + SOC, including the Seebeck coefficient, S, the electrical conductivity with respect to the scattering time, s/s, the power factor with respect to the scattering time, S 2 s/s, and the electronic thermal conductivity with respect to the scattering time, k e /s. 45 To examine the relative contributions of the acoustic modes to the total lattice thermal conductivity, the cumulative lattice thermal conductivity and the derivatives at room temperature are also plotted in Fig. 5 . The acoustic branch of the b-As, Sb and Bi monolayers provides a contribution of 97.6%, 98.1% and 98.1%, respectively. This agrees with the usual picture that high-frequency optical phonons have a very small contribution to the thermal conductivity. The derivatives show that the change of the lattice thermal conductivity versus frequency has a peak value, and the corresponding frequency of the peak value is 2.01 THz, 1.16 THz and 0.76 THz for the b-As, Sb and Bi monolayers, respectively. These frequencies and cross values of ZA and LA branches almost overlap. Some key data are shown in Table 2 . Furthermore, we examine the relative contributions of six phonon modes to the total lattice thermal conductivity. The mode lattice thermal conductivities are shown Table 3 , and the Fig. 4 Phonon band structure of the b-As, Sb and Bi monolayers using GGA-PBE. Table 2 The maximal acoustic vibration frequency MAVF (THz), the width of the optical branches WO (THz), the phonon band gap PBG (THz), the thermal sheet conductance TSC (W K À1 ), the acoustic branch contribution to the lattice thermal conductivity ACL (%), and the corresponding frequency of the peak value of the derivatives FPD (THz) percentages of the phonon modes contributions toward the total lattice thermal conductivity are plotted in Fig. 6 . It is found that the TA branch provides the largest contribution in acoustic branches, and the third optical branch gives the greatest contribution in optical ones. According to Fig. 7 , the group velocity of the ZA branch is smaller than that of the LA and TA branches, which is due to the nonlinear dispersion of the ZA branch near the G point. Similar results can also be found in other 2D materials such as graphene, silicene, germanene and stanene. 50 It is clearly seen that the group velocities become small from the As to the Bi monolayer, which leads to a decreasing thermal conductivity. 44 The phonon lifetimes of the b-As, Sb and Bi monolayers at room temperature are plotted in Fig. 7 . As can be seen, most of the phonon lifetimes decrease from the As to Bi monolayers, which can explain the decreasing lattice thermal conductivity. It is found that optical phonon lifetimes are much shorter than the acoustic ones, which suggests that the optical branches have little contribution to the lattice thermal conductivity. The anharmonic interactions can be described by mode Grüneisen parameters, and a low lattice thermal conductivity can be produced by strong anharmonicity with large Grüneisen parameters. The mode Grüneisen parameters of the b-As, Sb and Bi monolayers in the irreducible Brillouin zone at room temperature are plotted in Fig. 8 . It is found that the mode Grüneisen parameters of the b-As, Sb and Bi monolayers are comparable to each other. So, the decreasing thermal conductivity from the As to the Bi monolayer can be attributed to decreasing group velocities and phonon lifetimes.
Based on the calculated electron and phonon transport coefficients, the gure of merit, ZT, can be attained to estimate the efficiency of the thermoelectric conversion. Firstly, the power factor with respect to the scattering time, S 2 s/s, and the electronic thermal conductivity with respect to the scattering time, k e /s , versus the doping level (N) using GGA + SOC at 300 and 600 K are plotted in Fig. 9 . However, another unknown quantity is the scattering time, s, but it is difficult to calculate the scattering time from rst-principles calculations due to the complexity of the various carrier scattering mechanisms. Here, 1 Â 10 À15 s, 1 Â 10 À14 s and 1 Â 10 À13 s are used to attain the power factor and electronic thermal conductivity. According to the obtained power factor, electronic thermal conductivity and lattice thermal conductivity from Fig. 5 , the possible ZT of the bAs, Sb and Bi monolayers as a function of doping level at 300 and 600 K are plotted in Fig. 10 . It is found that ZT increases with increased scattering time, s, which can be explained by the relation: ZT ¼ ZT e /(k e + k L ), in which ZT e ¼ S 2 sT/k e as an upper limit of ZT. The k e value can be obtained using k e /s r Â s, in which s r and s are the true and empirical scattering time, respectively. As the scattering time, s, increases, the k e increases. That leads to a k e /(k e + k L ) value that is closer to one, and then ZT is closer to ZT e . The calculated results show the As and Sb monolayers with n-type doping have a better ZT than those with p-type doping, and that the Bi monolayer shows almost an equivalent ZT when it is n-and p-type doped. It is found that a peak ZT in n-type doped monolayers is up to 0.40, 0.62 and 0.60 for the As, Sb and Bi monolayers, respectively, with a classic scattering time s ¼ 10 À14 s, and the corresponding doping level gradually decreases. These results imply that the bAs, Sb and Bi monolayers may be potential 2D thermoelectric materials when the doping is optimized. Much higher ZT values for 2D materials have been reported.
29,51
In these calculations, the electrical thermal conductivities are calculated using the Wiedemann-Franz law: k e ¼ LsT, with L being a constant with a value of 1.5 Â 10 À8 W U K À2 for monolayer SnSe 51 and 2.38 Â 10 À8 W U K À2 for monolayer Bi. 29 In our calculations, the electrical thermal conductivities are used from the outputs of BoltzTrap, and the used value of L depends on the temperature and the doping level. Here, the electrical thermal conductivities are also calculated using the Wiedemann-Franz law with L being 2.38 Â 10 À8 W U K À2 , and the ZT values of the b-As, Sb and Bi monolayers are recalculated. The possible ZT values of the b-As, Sb and Bi monolayers as a function of doping level at 600 K are shown in Fig. 11 . It is clearly seen that very high ZT values can be obtained. 
IV. Discussions and conclusions
The Seebeck coefficient can be tuned by removing or enhancing band degeneracy, and furthermore can affect the power factor. For the b-As, Sb and Bi monolayers, the SOC not only removes band degeneracy (orbital degeneracy), but also enhances it (valley degeneracy). The SOC can lead to reduced effects on the p-type Seebeck coefficient of As and Sb monolayers by liing the degeneracy of the G point, but can enhance the Seebeck coefcient of Bi monolayers as the bands converge, which is caused by spin-orbit splitting. Similar SOC effects on the Seebeck coefficient are also found in semiconducting transition-metal dichalcogenide monolayers MX 2 (M ¼ Zr, Hf, Mo, W and Pt; X ¼ S, Se and Te). 23 The enhanced effects on the Seebeck coefcient can be observed in monolayers WX 2 (X ¼ S, Se and Te), and the detrimental effects can be observed in MX 2 (M ¼ Zr, Hf, Mo and Pt; X ¼ S, Se and Te). For bulk materials, the detrimental effects on Seebeck coefficient caused by SOC can also be found in Mg 2 X (X ¼ Si, Ge and Sn) 52, 53 and half-Heusler ANiB (A ¼ Ti, Hf, Sc and Y; B ¼ Sn, Sb and Bi). 54 Therefore, including SOC is very important for the electronic transport coefficients of the b-As, Sb and Bi monolayers.
The electronic structures of 2D materials are quite sensitive to strain, and the b-As, Sb and Bi monolayers have some CBE around their Fermi levels. So, it is possible to tune their thermoelectric properties using band engineering. Strain (pressure) has been proven to be a very effective strategy to improve the thermoelectric properties of 2D (bulk) materials. 55 It has been predicted that strain can induce band convergence in As monolayers. 56 Therefore, the strain effects on the thermoelectric properties of the b-As, Sb and Bi monolayers are well worth studying. It has been predicted using rst-principles calculations that a perpendicular electric eld can induce an indirect-to-direct gap transition in the As monolayer at 4.2 V nm À1 , 56 which suggests that the electric eld can also tune the electronic structure. Therefore, it is possible to tune the electronic transport properties of the b-As, Sb and Bi monolayers using an electric eld. The potential thermoelectric materials should possess low lattice thermal conductivity. To compare the lattice thermal conductivities of the different monolayer 2D materials, the same thickness d should be adopted, or the sheet thermal conductance should be used. 45 Here, the same thickness of the interlayer distance of graphite (3.35Å) was used. 45 The lattice thermal conductivities and sheet thermal conductances of the b-As, Sb and Bi monolayers, some semiconducting transitionmetal dichalcogenide monolayers and orthorhombic group IV-VI monolayers are summarized in Table 4 . The lattice thermal conductivity of the Bi monolayer is lower than that of the orthorhombic group IV-VI monolayers and semiconducting transition-metal dichalcogenide monolayers, which suggests that it may be a potential 2D thermoelectric material compared to other familiar 2D materials. . 27 This apparent contradiction may be because a different thickness was used to calculate the lattice thermal conductivity.
In conclusion, we have carried out detailed theoretical studies of the thermoelectric properties of b-As, Sb and Bi monolayers based on ab initio calculations combined with Boltzman transport theory. It is shown that SOC has important effects on the electronic properties of the b-As, Sb and Bi monolayers, and these effects have been ignored in other theoretical calculations. 6, 56 The sheet thermal conductance is used to compare the lattice thermal conductivities of the different 2D materials. The decreased thermal conductivity from the As to the Bi monolayers is due to the decreasing group velocities and phonon lifetimes. The sheet thermal conductance of the Bi monolayer is lower than that of other wellstudied 2D materials, and is very favorable for realizing a high thermoelectric efficiency. Finally, a series of hypothetical scattering times were adopted to estimate the possible efficiency of thermoelectric conversion. If the electrical thermal conductivities are calculated using the WiedemannFranz law, with L being constant, much higher ZT values can be obtained. Our work suggests that these b-As, Sb and Bi monolayers with a graphene-like buckled structure may offer a new 2D playground to achieve high-performance thermoelectric devices. 
